We have previously described a partial Drosophila cDNA, clone P19, which bears homology to members of the RNA recognition motif (RRM) family of proteins [Haynes et al. (1987) Proc. Nati. Acad. Sci. USA, 84, 1819-1823]. RNA binding as well as involvement in RNA processing has been demonstrated for some RRM proteins. We report here the further characterization of P19, which we renamed cabeza (caz). caz Is located on the X chromosome at position 14B. Using Northern analysis, at least four transcripts from the caz gene were observed at varying levels during development. caz mRNA and protein are enriched in the brain and central nervous system during embryogenesis. In addition, the protein is enriched In the adult head. UV crossllnklng was used to demonstrate In vitro RNA binding activity for full-length recombinant caz protein and for the caz RRM domain. Sequence analysis revealed caz is related to two human genes, EWS and TLS, which are involved in chromosomal translocations. The fusion of EWS and TLS to other cellular genes results in sarcoma formation. In addition to their overall structural organization and sequence similarity, these three genes share an RRM which is divergent from typical RRMs. Therefore, it appears that these genes constitute a new sub-family of RNA binding proteins.
INTRODUCTION
Gene expression is regulated to allow for the modulation of cellular RNA and protein levels. Furthermore, many cellular and developmental processes are controlled by post-transcriptional modifications of RNA (2) . Recently, RNA binding proteins that control some of these processes have been identified (3, 4) . Several of these factors recognize specific RNA sequences directly, while others recognize secondary and tertiary structural features of the RNA (5) (6) (7) (8) . A common motif shared by many RNA binding proteins is an 80-90 amino acid domain, often referred to as an RNA recognition motif (RRM) or RNA binding domain (RBD) (9) (10) (11) . The presence of this motif within a protein is usually an indication that it is capable of binding RNA. However, the function of many genes in this family, as well as the identity of their specific RNA targets, is unknown.
Most, but not all, RRM proteins also contain other regions, termed auxiliary domains, which are often enriched in stretches of poly(amino acids). For example, one sub-group of RRM family members contains an auxiliary domain comprised predominantly of glycine residues. The best characterized of these is the human hnRNP Al protein. HnRNP Al has been shown to have an RNA-RNA annealing activity in vitro which is mediated by the poly(glycine) domain (12) (13) (14) . Furthermore, a role for A1 in regulated pre-mRNA splicing has been demonstrated in vitro and in vivo (15) (16) (17) . Clearly, RNA binding proteins can play pivotal roles in cellular and developmental processes.
We previously described the partial characterization of a clone known as PI9, which was isolated in a cDNA screen for glycine-rich proteins (1) . The partial P19 cDNA is similar to the well-characterized hnRNP Al gene in that it too encodes an RRM-glycine domain protein. However, the modular structure and overall sequence similarity of these proteins are quite different. Unlike Al, P19 contains a divergent RRM and a potential C2C2 zinc finger motif. Within most RRMs are two highly conserved sub-domains known as RNP-1 and RNP-2 (9-11). P19 contains a charged residue where a conserved (and in some cases essential) aromatic residue normally resides in RNP-1. Recently two genes, TLS and EWS, that share homology with Drosophila PI9 have been isolated from human cell lines (18) (19) (20) . The TLS and EWS proteins are -50% identical to P19 and 56% to each other. Interestingly, both TLS and EWS are involved in chromosomal translocations that result in the fusion of their N-terminal coding sequences to other cellular genes. TLS (transcribed in liposarcomas) is fused to CHOP, a member of the C/EBP family of transcription factors, which results in myxoid liposarcoma. EWS (Ewing's sarcoma) is fused to the human homolog of murine transcription factor Fli-1, which results in neuroectodermal tumors. Like PI9, both EWS and TLS have divergent RRMs, glycine-rich domains and a potential C2C2 zinc finger motif. Thus, based on overall structural organization and sequence similarity, it appears that these genes may constitute a new sub-family of RNA binding proteins.
Here we report the further characterization of PI9, which we have renamed cabeza (caz; head in Spanish), based on its expression pattern. We have isolated full-length cDNA and genomic clones and localized the gene to 14B on the X chromosome. By Northern analysis, at least four distinct mRNA species were detected. The temporal expression of these mRNAs varied during different stages of fly development In situ hybridization and immunohistochemistry demonstrated that cabeza mRNA and protein were enriched in the brain and CNS during embryogenesis. In addition, western blotting performed on preparations of total protein from either adult fly heads or bodies showed an enrichment of protein expression in the head. Cabeza protein was detected in the nuclei of several larval tissues and in all imaginal discs examined. Using purified recombinant protein, we have also demonstrated that cabeza is capable of binding RNA in vitro. Together, these observations suggest that cabeza is a nuclear RNA binding protein that may play an important role in the regulation of RNA metabolism during fly development
MATERIALS AND METHODS

Probe labeling
[
32 P]dCTP labeled DNA probes for library screening and Southern and Northern blots were prepared using the Rediprime DNA labeling system (Amersham). For in situ hybridization to polytene chromosomes, a 10 kb EcoYU genomic fragment was labeled with digoxigenin-11-dUTP according to the manufacturer's instructions (Boehringer Mannheim). For whole mount in situ hybridization, sense and anti-sense RNA probes containing digoxigenin-11-UTP were transcribed according to the manufacturer's instructions (Boehringer Mannheim). For UV crosslinking assays, RNA was transcribed with [ 32 P]UTP using the Maxiscript in vitro transcription kit (Ambion).
Oligonucleotides
The following oligonucleotides were used as primers to amplify coding regions of the cabeza cDNA (name, sequence):
Oligonucleotides used to generate the RRM probe (name, sequence):
Oligonucleotides used for PCR amplification of intron 4 (name, sequence):
All oligonucleotides were made on a Biosearch 8750 DNA synthesizer (Brunswick).
Plasmids and PCR
Plasmid constructs were generated by standard cloning methodologies. Genomic and cDNA isolates were sub-cloned into the pBluescriptll KS vector (Stratagene). PCR was used to amplify the RRM region from the p 19 clone (using oligonucleotides DT 1 and DT2 described above). Conditions for PCR were 30 cycles of 94°C 1 min, 55°C 1 min and 72°C 2 min, using reagents purchased from the manufacturer (Perkin Elmer).
Isolation and characterization of clones
All libraries were screened using a 300 nt PCR-amplified fragment corresponding to the RRM (oligonucleotides DTI and DT2). The genomic clones, AEcolO and XSall3, were isolated from the Maniatis Drosophila Canton S library (21) . The cabeza cDNA clones were isolated from a pupal library (22) . Plasmid DNAs were prepared (Qiagen) and sequenced using the Sequenase kit (US Biochemicals).
Northern blots
Developmental Northern blots were prepared with 1 ug samples of poly(A) + RNA isolated from Oregon R embryos, larvae, pupae and adult males and females. The RNA was fractionated on 1% agarose gels containing 20 mM 3-morpholino-propanesulfonic acid, pH 7.4,1 mM EDTA, 0.22 M formaldehyde. RNA was then transferred to nylon membranes by vacuum blotting (Pharmacia). Membranes were hybridized at 65°C overnight in CB (1% BSA, 7% SDS, 0.5 M sodium phosphate, 1 mM EDTA, 100 ng/ml sonicated denatured salmon sperm DNA) containing 2 x 10 5 c.p.m7ml probe; washing was performed at 65°C in 0.5% BSA, 5% SDS, 40 mM sodium phosphate, 1 mM EDTA and finally with 1% SDS, 40 mM sodium phosphate, 1 mM EDTA. Blots were exposed to film with an intensifying screen.
In situ hybridizations
Salivary glands were dissected from Oregon R third instar larvae and hybridizations performed as described (23) , except the probe was labeled with digoxigenin-11 -dUTP. After the post-hybridization washes, the slides were incubated at room temperature for 10 min in PBT (PBS containing 0.1 % Tween-20) and then for 30 min in a 1:2500 dilution of alkaline phosphatase-conjugated anti-digoxigenin antibody in PBT. The slides were washed three times for 15 min in PBT and equilibrated in staining buffer SB (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ). Hybrids were detected using 330 u.g/ml NBT and 165 |ig/ml BCIP in SB.
Whole mount in situ hybridizations
In situ hybridizations were performed according to the protocol of Tautz and Pfeifle (24) with the following modifications, proteinase K digestion was performed in a 100 (ig/ml solution for 2 min and embryos were hybridized overnight at 55°C in hybridization solution (50% formamide, 5 x SSC, 100 u.g/ml tRNA, 100 (ig/ml sonicated denatured salmon sperm DNA, 50 ug/ml heparin, 0.1% Tween 20) containing the labeled RNA probe. After washing in PBT, embryos were incubated for 1 h with alkaline phosphatase-conjugated anti-digoxigenin antibody (1:2000 dilution in PBT) and washed four times for 20 min in PBT. After equilibration in SB buffer, hybrids were detected with 330 ng/ml NBT and 165 ^g/ml BCIP in SB. Stained embryos were washed with PBT and mounted in 70% glycerol.
Preparation of fusion proteins and antibody production
DNA fragments encoding full-length cabeza and the RRM were produced by PCR (see primer sequences above). To make FLCAZ, an Ndel site was introduced at the beginning of the cabeza coding region and a BgUl site was generated in the 3' untranslated region. RRMC AZ was made by creating an Ndel site at the beginning of the RRM and a BglU site at the end of this domain (amino acids 114-205). DNA fragments were cut with Ndel and Bglll and cloned into pET15b (plasmid for expression by T7 polymerase; Novagen). All cloned PCR-generated DNAs were sequenced. Clones generated in the pET15b vector were transformed into Escherichia coli strain BL21(DE3) and cells were grown and induced as described (25) and then stored frozen at-70°C. Upon thawing, cells were resuspended in 10 ml binding buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 5 mM imidazole) and lysozyme was added to 100 |Xg/ml. After incubation on ice for 15 min, the cells were lysed by sonication. Soluble protein was clarified by centrifugation at 15 000 r.p.m. for 20 min at 4°C in an SS-34 rotor. The extract was applied to a His-Bind metal chelation resin column (Novagen), washed extensively with W100 buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 100 mM imidazole) and eluted with E250 buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 250 mM imidazole). Fractions were dialyzed into either RNA binding buffer (20 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol) or PBS containing 10% glycerol and stored at -70°C.
One milligram of purified RRMCAZ protein was used to immunize rabbits, followed by two 500 u.g boosts. Antibodies were affinity purified at 4°C as described by Harlow and Lane (26) . Briefly, purified RRMCAZ fusion protein was coupled to Affigel-10 beads in PBS as described by the manufacturer (Bio-Rad). The crude antiserum was diluted 10-fold in PBS and applied to the column. After washing with PBS supplemented with 1 M NaCl, antibodies were eluted with 100 mM glycine, pH 2.0, neutralized with Tris-HCl, pH 8.0, and dialyzed against PBS containing 10% glycerol. The antibody, 44RBD, was aliquoted and stored at -20°C.
ImmunohLstochemistry
Embryos were fixed and stained essentially as described by Patel (27) . After incubating for 1 h with blocking solution PTXHM (PBS containing 0.1% Triton X-100, 2% horse serum, 2% milk), embryos were subsequently incubated overnight at 4°C with affinity purified primary antibody 44RBD (1:500 dilution in PTXHM). After washing five times with PTX, embryos were incubated for 3 h at 4°C with biotinylated anti-rabbit IgG (1:100 dilution in PTXHM). After extensive washing, antibody binding was detected using diaminobenzidine (DAB) and hydrogen peroxide. Embryos were washed with PBT and mounted in 70% glycerol.
Larval tissues were dissected and stained essentially as described (28) . Third instar larvae were dissected in cold PBS and fixed (4% paraformaldehyde in PBS) for 20 min. Larval tissues were rinsed three times in PBT and blocked for 3 h in DET (0.5% Triton X-100, 0.5% Tween-20, 4% milk in PBS). Primary antibody (1:500 dilution of 44RBD in DET) was then added and the samples were incubated overnight at 4 ° C. After washing three times in PBT, the tissues were incubated for 3 h at 4°C with horseradish peroxidase-conjugated anti-rabbit IgG (1:100 dilution in DET). After extensive washing, antibody staining was detected using DAB and hydrogen peroxide. Tissues were dissected in PBS and mounted in 70% glycerol.
RNA crosslinking
UV crosslinking was performed as described (29) . Briefly, 1 x 10 5 c.p.m. of radiolabeled RNA (labeled with [ 32 P]UTP) was incubated in RNA binding buffer with the indicated amounts of protein for 5 min at room temperature. This mixture was irradiated with UV light for 10 min on ice and subsequently incubated with 10 ng RNase A for 20 min at 37°C. After the addition of SDS-PAGE loading buffer, samples were heated to 95 °C for 5 min and proteins were resolved by SDS-PAGE, using either a 10 or 15% final acrylamide concentration. These gels were then stained with Coomassie blue, dried and subjected to autoradiography.
Western blots
Heads and bodies were isolated from -40 adult male and female Oregon R flies. Samples were homogenized in 500 (il cold extraction buffer EB (20 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) and clarified by centrifugation. Protein concentrations were determined using the Bio-Rad protein assay kit. SDS-PAGE loading buffer was added to 30 mg of each protein extract and samples were heated to 95°C. SDS-PAGE gels were run as described above. Following electrophoresis, proteins were transferred to nitrocellulose as described in Harlow and Lane (26) . Protein blots were blocked in PBT containing 5% milk and primary antibody 44RBD was used at a 1:1000 dilution. Horseradish peroxidase-conjugated antirabbit antibody was used at a 1:3500 dilution and detected by enhanced chemiluminescence (Amersham).
RESULTS
Isolation and localization of the cabeza gene
A previous study from this laboratory identified several Drosophila melanogaster cDNAs that encode glycine-rich proteins (1). Many of these genes also contain an RNA binding motif, often referred to as an RNA recognition motif (RRM) or RNA binding domain (RBD) (30) . One partial cDNA, clone P19, was predicted to encode a protein containing a divergent RRM, as well as glycine-rich domains at its N-and C-termini.
To further characterize this gene, which we have named cabeza (car, see below), we isolated additional cDNA and genomic clones using a probe corresponding to its divergent RRM. Two genomic clones, A.EcolO and ^Sall3, containing the entire coding region were isolated (Fig. 1 a) . These clones contain 4 and 3 kb of 5' flanking sequence respectively and are likely to contain cabeza promoter and regulatory elements. ASall3 also contains 3 kb downstream of the coding region.
The isolated genomic clones were used to analyze the structure of the cabeza gene. Transcribed sequences lie within a 4.6 kb region encompassing seven exons and six introns (Fig. 1 a) . The introns range in size from 67 to -1650 nt. The positions of the introns were determined by PCR analysis using primers located in the cDNA (data not shown) and the splice site sequences were identified by sequencing the intron/exon junctions (Fig. lb) . The RRM is located within exons five and six. It is noteworthy that die 5' splice sites that flank these exons, GUAAAA in intron 4 and GCAAGU in intron 5, diverge significandy from the consensus 5' splice site sequence GU(A/G)AGU (31) . Weak or non-consensus splice sites such as these are often present at the boundaries of alternatively spliced exons. Northern analysis demonstrated that multiple species of cabeza mRNA were expressed during different stages of development (see below, Fig. 3 ), further suggesting alternative processing of cabeza transcripts.
To determine the chromosomal location of cabeza, the AEcolO clone was hybridized to polytene chromosomes from salivary glands of wild-type Drosophila Oregon R larvae. We detected a single site of hybridization on the X chromosome at 14B (Fig. lc) . This region has previously been molecularly cloned as part of an 800 kb genomic walk from 14A through 15A (32) . In that study, DNA was analyzed for its developmental expression pattern and scaffold attachment regions that may function as autonomously replicating sequences (32, 33) . The walk was initiated from clone X548 located at 14B5-10 (34). X548 was initially isolated in a screen for genes whose transcripts were enriched in the adult head versus body. Using a combination of PCR and southern blot analysis, we mapped AJicolO to the same location as ^548 (kindly provided by R. Miassod; data not shown). Thus we localized cabeza to 14B5-10 by two independent methods, polytene chromosome hybridization and PCR/Southern blotting. In the light of the previously determined expression pattern of AJ548 and our expression data (see below), we have named the gene encoded by the P19 clone cabeza (head in Spanish).
Cabeza nucleotide and protein sequence
We screened a late pupal cDNA library (22) and isolated a 1.7 kb cabeza clone that contained the entire coding region, as well as 120 bp of 5' and 300 bp of 3' untranslated sequences (Genbank accession no. L37083). The sequence of this clone revealed a long open reading frame predicted to encode a protein of 404 amino acids with a calculated molecular mass of 39.1 kDa and a basic pi of 10.19. The putative translation initiation start site (AAAC-AUG1 is in agreement with the consensus Drosophila translation initiation sequence, (c/a)a(c/a)(c/a)AUG (35) , and a potential AAUAAA polyadenylation signal (36) is found 58 nt upstream of the 3' end of the cDNA. In vitro translation of synthetic transcripts from the cabeza cDNA resulted in a 45 kDa protein product Moreover, a 45 kDa protein was detected by Western blot analysis (see Fig. 6b-c below) . The cabeza protein can be divided into five domains: three extensive glycine-rich domains, an RRM and a potential C2C2 zinc finger/metal ion coordinating center (Fig. 2a) . Recently, two human proteins, EWS and TLS, with the same domain organization as cabeza have been identified by virtue of their rearrangement in chromosomal translocations that result in sarcoma formation (see Introduction). The EWS and TLS proteins share overall identity with cabeza (47 and 53% respectively) and are 56% identical to each other (Fig. 2b) . However, unlike cabeza, these proteins have additional sequences rich in glutamine residues at their N-termini (208 and 156 amino acids respectively). Like cabeza, EWS and TLS contain divergent RRM motifs flanked by glycine-rich domains. The human proteins also contain a C2C2 motif, which is 65% identical between cabeza and either EWS or TLS, and 75% identical between EWS and TLS (Fig. 2b) . Similar C2C2 motifs have been observed in several ribosomal proteins and in pre-rRNA processing proteins (37, 38) . Thus, in addition to the overall sequence identity, the linear order of the domains shared by these proteins is remarkably similar.
The cabeza RRM is 50% identical to the EWS and TLS RRMs and the EWS and TLS RRMs are 61% identical to each other. RRMs consist of four antiparallel p"-strands and two a-helices (39) (40) (41) . Within this domain, the octameric RNP-1 and hexameric RNP-2 sub-domains are usually highly conserved, as is the size of some of the loop regions that connect the (J-strands and a-helices (Fig. 2b) . However, the RRMs found in cabeza, EWS and TLS diverge from the typical RRM in two significant ways. The first involves the RNP-1 sub-domain, where a highly conserved aromatic residue at position +3 is glutamic acid in cabeza. The second divergence is in loop 2, which is usually 3-4 amino acids in length. Cabeza contains an abnormally long loop 2 consisting of 12 amino acids. Like cabeza, both EWS and TLS have acidic amino acids (aspartic and glutamic acids respectively) at positions +3 in RNP-1, as well as a long 12 amino acid loop 2 region. 
Developmental expression of cabeza transcripts
To determine the size and temporal expression of cabeza transcripts, probes derived from three non-overlapping regions of the 1.7 kb cabeza cDNA clone were hybridized to a Northern blot containing poly (A) + RNA from different developmental stages (Fig. 3) . The 5'UTR-Gly probe contains the 5' untranslated region and the first glycine domain, while the 3TJTR probe contains only the 3' untranslated region. When probed with sequences encoding the RRM, a single 1.7 kb band was detected (Fig. 3b) . This species was present at all stages of development, although its absolute level varied. It was most readily detectable during early embryonic development (0-3 h) and again during pupal development, but low during larval stages and in adult males. This RNA expression pattern is in agreement with that observed for clone X548 (42) .
When the blot was reprobed using sequences corresponding to the full-length cDNA (data not shown) or with sequences outside of the RRM (probes 5'UTR-Gly or 30JTR, Fig. 3a and c respectively), three other major RNA species were detected. Interestingly, these other RNA species must lack the RRM, because they were not detected with the RRM probe. The 5'UTR-Gly and 3' UTR probes detected a 2.4 kb transcript whose expression is highest during early embryonic development (Fig.  3a and c, 0-3 h) . Its size and its failure to hybridize to sequences from the large cabeza introns (data not shown) indicate that it contains additional sequences at the 5' and/or 3' end of the RNA. These probes also detected a 1.1 kb transcript expressed during pupal development (Fig. 3a and c, EP and LP) . Alternative splicing of exons 5 and 6 would delete the RRM and create an RNA species of this size. The fusion of exon 4 to exon 7 would create a premature stop codon, resulting in a smaller protein product. A 1.0 kb transcript enriched in adult males was also detected with the 5'UTR-Gly and 3'UTR probes (Fig. 3a and c,  adult males) . This RNA may also be produced by alternative splicing. Its size corresponds to an RNA species which lacks exons 4-6. This would delete the RRM, but would still maintain the reading frame by joining exon 3 to exon 7.
To examine the distribution of cabeza RNA during embryonic development, in situ hybridization was performed using probes generated against either the full-length cDNA probe (data not shown) or the RRM alone (Fig. 4a-c) . Both probes gave the same staining pattern. Cabeza RNA is expressed in all cells until stage 8, after which it is localized to the expanding germ band (Fig. 4c) . By stage 12, the RNA is enriched in the brain and CNS and can also be detected in the gut (Fig. 4b) . This staining was specific for the antisense RNA probes; no staining was detected with sense probes (Fig. 4a) . Because we detected two transcripts during embryogenesis by Northern analysis, our results indicate that the constitutive 1.7 kb and alternative 2.4 kb transcripts must have overlapping expression patterns.
Developmental expression of cabeza protein
Anti-cabeza antisera was raised by inoculating rabbits with purified recombinant protein corresponding to the RRM (RRMCAZ, amino acids 114-204). The test sera, but not the pre-immune sera, recognized recombinant protein on immunoblots (data not shown). Antibody from this antisera was subsequently affinity purified by chromatography on immobilized antigen columns. Immunoblot analysis revealed that the affinity purified material (44RBD) reacted with a major band of -43-45 kDa in extracts prepared from adult flies (see Fig. 6b) .
We used the anti-cabeza antibodies to examine the expression of cabeza in embryos, larvae and adults. Staining with the affinity purified antibody was specific because no staining was detected in embryos incubated with secondary antibody alone (Fig. 4d) . Figure 4e -f shows the distribution of cabeza protein during embryonic development. The protein expression pattern in the embryo mirrored that of the RNA transcript, i.e. ubiquitous early expression followed by later enrichment in the brain, CNS and gut. In the larvae, cabeza protein was detected in many, but not all, tissues (Fig. 5) . The cabeza protein is nuclear, as can be seen in the staining of the gut and fat body (Fig. 5b, d and e) , a tissue present throughout the developing larva that is analogous to the vertebrate liver. Strong cabeza expression was also detected in the eye-antennal, wing and leg imaginal discs, which give rise to adult cuticular structures. The staining appeared to be nuclear in all discs examined, and expression was ubiquitous throughout the disc (Fig. 5f-h) . Not all larval tissues show strong cabeza expression. We detect low levels of cabeza protein in the salivary glands and, surprisingly, little or none in the brain, although AM* Figure 5 . Distribution of cabeza protein during larval development. Immunostaining of larval tissues was performed with anti-cabeza polyclonal antibody and gut; (c) larval brain, vernal nerve chord and eye-antennal disc; (d and e) fat body; (f) eye-antennal disc; (g and h) leg discs. staining was detected in the ventral nerve chord (Fig. 5c) . Given the high level of RNA and protein expression in the embryonic brain (Fig. 4) , this implies that protein expression is turned off in the brain before the third larval instar. To determine the adult protein expression pattern, we assayed extracts made from adult male and female heads and bodies. Extracts were separated by SDS-PAGE, transferred to nitrocellulose and Western blots were probed with affinity purified antibody. These extracts were assayed for total protein by running duplicate protein gels followed by staining with Coomassie blue to ensure equal loading (Fig. 6a) . We detected an enrichment of cabeza protein expression in the adult head versus body (Fig. 6b,  lanes 1 and 3) . This elevated level of cabeza is observed in both males and females. However, since our antibodies were raised against the RRM, we do not know the spatial or temporal expression patterns of the proteins encoded by the 1.0 and 1.1 kb transcripts which lack the RRM encoding sequences (see Fig. 3 ). 
RNA binding
The coding region for the cabeza gene contains a RRM motif found in many proteins that bind single-stranded DNA and RNA. General nucleic acid binding properties of a protein can be demonstrated by several techniques, including LTV crosslinking. To test for general, non-specific RNA binding activity of cabeza, we employed a UV crosslinking assay (29) . The ligands used for this experiment were sense and antisense RNAs transcribed in vitro from the cabeza cDNA. Bovine serum albumin (BSA), which should not bind RNA, was used as a negative control in the UV crosslinking assays. Both sense and anti-sense RNAs crosslink to the full-length recombinant protein and the intensity of the signal is proportional to the amount of protein added (Fig.  7a) . To demonstrate that the signal observed was due to a crosslinked protein species (and not undigested labeled RNA), crosslinking reactions were also performed in the absence of recombinant protein (Fig. 7b, mock) . A recombinant protein consisting of just the cabeza RRM could also be crosslinked to RNA (Fig. 7b, RRM) , demonstrating that this divergent RRM can function as an RNA binding domain by itself.
DISCUSSION
In this study we have presented the molecular and developmental characterization of cabeza (formerly PI9), a novel Drosophila RNA binding protein. Our previous study identified this gene as a member of the glycine-rich protein family (1) . It is now clear that cabeza is also a member of a growing sub-family of RNA binding proteins that are conserved from fly to man (18) (19) (20) . Cabeza and other members of this sub-family contain a divergent RRM, glycine-rich domains and a potential C2C2 zinc finger/ metal ion coordinating center. Toward our goal of understanding the biological function of cabeza, we have localized the gene to the X chromosome at position 14B, examined the developmental expression pattern of cabeza RNA and protein and demonstrated an in vitro RNA binding activity.
When we began this study, two human genes related to cabeza, EWS and TLS, had recently been identified (18) (19) (20) . Both genes encode RNA binding proteins with auxiliary domains rich in glycine residues and a C2C2 motif. These proteins are 56% identical to each other and -50% identical to cabeza. Unlike cabeza, however, they also contain glutamine-rich sequences at their N-termini. Similar glutamine-rich elements are present in several transcription factors, but their functions in RNA binding proteins are unknown. Furthermore, it is unclear if the presence of these glutamine-rich sequences will result in different functions for the human versus fly proteins. Both EWS and TLS are involved in chromosomal translocations that result in solid sarcoma formation. While this could result from the loss of function of the two proteins, recent work suggests a different explanation. The EWS translocation is a gain of function mutation, for the EWS fusion protein is a chimeric transcription factor with transforming activity (43) . For the TLS translocation, it is likely that loss of the C/EBP-like protein, which is required for cell cycle control, leads to the tumor phenotype (20) . Clearly, a phenotype from the loss of EWS or TLS alone is difficult to detect in these genetic backgrounds.
Crozat and colleagues (20) When we examined the similarity within the conserved RRM, we noticed two features that were unique to these three proteins. An acidic amino acid (glutamic or aspartic acid) is present in the RNP-1 octamer, where by consensus analysis an aromatic amino acid (phenylalanine or tyrosine) is predicted. Loop two, which connects the al helix to the (32 strand, is also unusually long, with 12 amino acids. These features could be significant if they affect the specificity of RNA binding. Work on other RRM proteins (the Ul-A and U2-B" snRNP polypeptides which bind Ul and U2 snRNAs respectively) has shown that the connecting loops and the RNP-1 and RNP-2 sub-domains are important for both binding and specificity (44, 45) . These studies demonstrated that variable loop 3, which connects the (32-and (33-strands, is a major determinant in specific RNA binding. Earlier mutational analysis of Ul-A, which also contains a non-consensus residue at position +3 of RNP-1, revealed that certain substitutions in RNP-2 or RNP-1 (from IYTNNL to GSINNL for RNP-2 or from RGQAF-VIF to GSQAFVTF for RNP-1) eliminate RNA binding to stem loop II of Ul snRNA (46) . Analysis of the SF2/ASF gene has demonstrated that mutation of the conserved phenyalanines in RNP-1 (at positions +3 and +5) did not result in reduced RNA binding (47) , but led to a loss of splicing activation (47, 48) . From these studies it is not clear how the naturally occuring acidic amino acid at position +3 of RNP-1 in cabeza, EWS and TLS would affect high affinity target binding or function.
In addition to the RRM, cabeza, EWS and TLS contain two other auxiliary domains. Their N-and C-termini are rich in glycine residues and contain a few RGG repeats. This type of poly(amino acid)/RGG motif is found in several other RRM proteins belonging to the A/B class of hnRNP proteins. A property of this group of RRM proteins is an RNA-RNA annealing activity, which is believed to be mediated largely by the glycine domain (12) (13) (14) . For hnRNP Al, deletion of this domain results in a loss of annealing activity and a switch to an unwinding activity (49) . Some A/B class hnRNP proteins (e.g. hnRNP Al and hrp48) have also been shown to regulate alternative pre-mRNA splicing in vitro and in vivo (16, 17, 50) . The glycine domain could participate in protein-protein and/or proteinnucleic acid interactions and could regulate formation of higher order RNP complexes. Another domain found in cabeza, TLS and EWS is a potential C2C2 zinc finger/metal ion coordinating center that could contribute to the binding specificity or act in concert with the RRM sequence to bind multiple nucleic acids simultaneously. This type of motif is found in several ribosomal proteins and pre-rRNA processing proteins (37, 38) . Although there is little overall sequence homology between the domain found in the cabeza, EWS and TLS sub-family and other C2C2 proteins, there is a similarity in the spacing pattern between the cysteine residues.
Transcripts from genes for several Drosophila RNA binding proteins are alternatively spliced, e.g. Sex-lethal, transformer, Hrb98DE (30, (51) (52) (53) . Furthermore, the production of a number of different RNA species for each RNA binding protein can result in multiple protein products, each having a different function (54, 55) . Alternatively spliced genes encoding RNA binding proteins can also be found in higher vertebrates, e.g. the SF2/ASF splicing factor (56) . We have determined the developmental expression pattern of cabeza mRNA by Northern analysis. Depending upon the probe used, at least four different cabeza transcripts were detected. Three RNA species were detected with probes 5' or 3' of the RRM, but not with the RRM probe, and are presumably the results of alternative splicing.
Since cabeza contains non-consensus splice sites at the boundaries of the exons encoding the RRM, it seems possible that alternative splicing of cabeza would be an elegant way to modulate its expression and activity. Studies from other groups have demonstrated that non-consensus 5' splice sites are less efficient at base pairing with Ul snRNA, an essential component of the pre-mRNA splicing machinery (57, 58) . The loss of 5' splice site recognition by Ul snRNA promotes alternative exon utilization, also known as exon skipping (58, 59) . The presumed constitutive pathway for cabeza is to recognize and use the degenerate splice sites in introns 4 and 5. Because these 5' splice sites are weak, an accessory protein, which could be cabeza itself, may therefore be required to maintain the constitutive splicing pattern.
Cabeza is a nuclear protein that appears to be enriched in parts of the CNS during late embryonic and larval development, and possibly in the adult as well. Several other RNA binding proteins share a similar pattern of embryonic expression to cabeza. Among them are ELAV, BJ6/NONA and Hrb98DE (60-63; S. R. Haynes, unpublished data). The exact genes regulated by these proteins are currently unknown. However, recent work yields some clues to their biological functions. Mutations in ELAV and BJ6/NONA result in aberrant vision (64) (65) (66) . Furthermore, ELAV is likely to be involved in RNA stability. Studies by Levine and co-workers (67) have shown that a human homolog, Hel-Nl, interacts with sequences known to be required for RNA stability in vitro and in vivo. Bj6 has been shown to bind to several bands on polytene chromosomes, but its metabolic role is unknown. Hrb98DE, which is part of hnRNP complexes, is thought to package hnRNA into pre-spliceosomal complexes required for splicing. Due to its cellular localization, cabeza may participate in nuclear RNA metabolism, e.g. splicing, polyadenylation and/or transport. However, since it is not expressed in all tissues during development, it is unlikely to be a constitutive factor, but could be a developmental regulatory factor.
The expression pattern during larval development is not limited to the nervous system. Cabeza was detected in the nuclei of fat bodies and in the gut, but was at low or undetectable levels in the salivary glands. We also detected nuclear staining in the ventral nerve chord, but not in the brain. In Drosophila, the imaginal discs give rise to adult cuticular structures. A uniform staining pattern for cabeza was detected in all of the discs examined. Because this expression pattern was ubiquitous and not in a restricted or gradient pattern, it is unlikely that cabeza activates developmental cascades during disc development, since genes that play a role in patterning (e.g. hedgehog and wingless) are usually restricted (68-69).
We have localized cabeza to 14B on the X chromosome, a position occupied by A548. Using our affinity purified antibodies, we confirmed the similarity of expression between AJ548 and cabeza by demonstrating an elevated level of cabeza protein in the adult head. To better understand cabeza, we would like to exploit the power of Drosophila genetics. We have recently obtained several X-ray-and EMS-induced lethal and semi-viable strains generated in a screen for mutations in the 14B2-17 region (generously provided by S. Rutherford). Examining cabeza protein by immunoblotting, we have identified two strains that exhibit reduced levels of cabeza expression. Therefore, it is likely that cabeza is an essential gene. We are currently generating transgenic strains in an attempt to test this.
